Over the years, due to rapid technological progress, radiation from man-made sources exceeded that of natural origin. There is a general concern regarding a growing number of appliances that use radiofrequency/ microwave (RF/MW) radiation with particular emphasis on mobile communication systems. Since nonthermal biological effects and mechanisms of RF/MW radiation are still uncertain, laboratory studies on animal models, tissues, cells, and cell free system are of extraordinary importance in bioelectromagnetic research. We believe that such investigations play a supporting role in public risk assessment. Cellular systems with the potential for a clear response to RF/MW exposures should be used in those studies. It is known that organism is a complex electrochemical system where processes of oxidation and reduction regularly occur. One of the plausible mechanisms is connected with generation of reactive oxygen species (ROS). Depending on concentration, ROS can have both benefi cial and deleterious effects. Positive effects are connected with cell signalling, defence against infectious agents, and proliferative cell ability. On the other hand, excessive production, which overloads antioxidant defence mechanism, leads to cellular damage with serious potential for disease development. ROS concentration increase within the cell caused by RF/MW radiation seems to be a biologically relevant hypothesis to give clear insight into the RF/MW action at non-thermal level of radiation. In order to better understand the exact mechanism of action and its consequences, further research is needed in the fi eld. We would like to present current knowledge on possible biological mechanisms of RF/MW actions.
For centuries human population has been exposed to natural electromagnetic sources such as radiation from sun, space, and earth. Today, besides this natural radiation and owing to rapid technological progress we are more than ever exposed to man-made electromagnetic radiation (EM). Various products and applications in our everyday life make use of some form of electromagnetic energy (1) . Connection between technological development and increase in EM radiation doubtlessly exists. Levels of radiation have rapidly increased and man-made sources at specifi c frequencies now by far exceed those of natural origin. There is a particular concern regarding an increase in the number of appliances which use RF/ MW radiation. Some of them have become an integral part of our lives like mobile phones, television, microwave ovens, medical devices, radars, and satellites (2) . Besides the obvious benefi ts, there is also a widespread public concern about the potential health effects this technology can have on biological system and living beings. EM radiation can be described as the propagation of energy through space in the form of waves or particles (photons) and it is characterised by specifi c wavelength, frequency, and energy. Because of thermal agitation of charged particles every single object is continuously generating electromagnetic fi eld. Energy of the fi eld is directly proportional to its frequency, with higher frequency meaning greater energy (3). Minimum energy capable of causing ionisation by breaking the intermolecular bonds and releasing electrons from an atom or molecule is considered to be 10 eV (1) . Based on their ability to cause ionisation, we can distinguish two types of electromagnetic radiation; ionising and nonionising radiation. Non-ionising radiation includes three frequency ranges; static (0 Hz) and extremely low frequency range (<300 Hz), intermediate frequency range (300 Hz-10 MHz), and radiofrequency range including RF and microwaves (10 MHz to 300 GHz) (2) . Over the years, rapid increase in technology, especially telecommunication, has raised great concerns regarding possible adverse health effects of excessive RF/MW exposure. This is not surprising if we know that charged ions, molecules, and structures inside the body contribute to electromagnetic processes that are crucial for the normal functioning of every living organism. These processes are characterised by specifi c frequencies usually found in the microwave region of electromagnetic fi eld (4) .
Passing through a biological system, RF radiation can be refl ected, transmitted, refracted or absorbed (1) . Absorption of RF energy stirs up the motion of charged particles and rotation of molecules, primarily water, inevitably rising the temperature (5). Measure of absorbed energy within the organism is defi ned as the specifi c absorption rate (SAR) and is usually expressed in watts per kilogram (W kg -1 ) (6). For general public, SAR limit for the whole body is 0.08 W kg -1 and for people occupationally exposed to RF energy limit is 0.4 W kg -1 (7). Based on the amount of absorbed energy within the biosystem, effects can be divided into thermal and non-thermal. Certainly the most acceptable mechanism of RF interaction is tissue heating. Thermal effects occur with the temperature increase exceeding 1 °C causing cellular and intracellular changes particularly at molecular level (1) . The amount of heat depends on the radiation intensity, electrical properties of exposed tissue and body′s thermoregulatory mechanism (7). The World Health Organization stated that many biological effects of acute exposure to non-ionising radiation are consistent with responses to induced heating, resulting either in the rises in tissue or body temperature by about 1 °C or more, or in responses to minimising the total heat load. However, during low intensity radiation thermal homeostasis remains stable due to activated thermoregulation processes. The body temperature might rise by up to 1 °C without accumulation. Based on this statement basic exposure limits for occupational and general population have been established and are known as exposure standards (8) . Consequently, the problem of a prolonged exposure to low intensity radiation and non-thermal biological effects derived from RF/MW sources remains open to science.
Biological mechanisms of RF/MW action
A number of published papers point at different modifi cations and biological effects caused by RF/ MW radiation, while at the same time others lack signifi cance. These contradictions are not surprising given the variety of factors infl uencing experimental procedure. Some of them include polarisation, duration of exposure, continuous or pulsed wave exposure, biological factors of exposed system and many others. All these factors have to be considered so that research results can be reproducible as it was proposed by Belyaev et al. (9) in 2000 and 2005 (10) .
The exact mechanism of non-thermal electric and magnetic fi eld interactions with biological structures is still unknown and many different theories suggest various explanations. Detectible changes can only be observed if the applied RF/MW radiation exceeds thermal noise caused by constant random movement of charges at temperatures above absolute zero. Minimum energy required for these processes should exceed 26 meV, the average energy of thermal noise measured at body temperature. Considering low energy level of RF/MW radiation, it is believed that changes could only be detected when biological system is resonantly sensitive to applied frequency (11) .
Fröhlich was the fi rst to propose a model based on vibration interactions between large molecules and components of biological systems. Trying to explain possible biological effects he suggested a particular coherent state of vibrations and the existence of specific frequencies within the RF/MW band of electromagnetic spectrum in which energy could be absorbed (12, 13) . Under special conditions during vibration, electrically polar structures generate EM fi eld. However signifi cant effects can only be detected when these structures are in resonance with external electric fi eld having the same frequency (11) . Because of its ability to detect and amplify small signals against the background noise, organism could be easily compared with a radio receiver. Based on this mechanism, Hyland (4) also suggested the possibility of biological effects occurring at frequencies of mobile phones. These effects could only be observed if certain biological structures had the same vibration frequencies as the applied EM fi eld (12, 14) . Cell membranes were fi rst considered a possible source of cellular vibrations until the discovery of cytoskeleton when much attention was given to microtubules. Microtubule reassembly was related with the peak of cellular EM fi eld emission during replication suggesting the crucial role in their generation. Interestingly microtubules have the ability to vibrate in kHz to GHz frequency region (11).
Pokorný et al. (15, 16) proposed a model based on microtubule vibrations. However there were few remarks regarding potential vibration damping given the highly viscous medium surrounding them. Taking this into account, Adair (17) calculated and concluded that because of damping effect vibrations were too small to cause any biological effect. On the other hand, Pokorný (18) showed that damping effect on microtubules could be minimised due to a slip layer formed at the boundary of microtubules and cytosol. Changes in microtubule structure were also observed in several papers (19) (20) (21) (22) .
Bohr and Bohr (23, 24) suggested that some protein conformations had very similar energies and that transition between them corresponded to the frequencies of approximately few GHz. Based on the experimental results they concluded that MW radiation has the ability to change protein conformation by enhancing the kinetics of protein folding and denaturation, which could eventually lead to detrimental biological effects. De Pomerai et al. (25) also showed that aggregation of protein bovine serum albumin could be enhanced by microwave radiation. Other different approaches have been considered regarding the interactions between RF/MW radiation and biological systems. One of them is based on the interactions with small particles of ferromagnetic material magnetite. Magnetite is found not only in certain bacteria but also in human beings, especially in the brain. It strongly absorbs radiation at frequencies between 500 MHz and 10 GHz and converts the energy into acoustic vibrations dissipating it in cellular structures at microwave frequencies. These fi ndings also led Kirschvink (26) to propose magnetite as a possible mechanism of interaction. Besides magnetic nanoparticles, there are other possible targets for magnetic fi eld interactions like spinning magnetic moments in radical pairs or long-lived rotational states of some molecules (27, 28) .
Radical pair mechanism is considered the most probable mechanism in explaining the interactions between cellular and static or extremely low EM fi eld (ELF). At the same time researchers suggest that the proposed mechanism could also explain biological effects of radiofrequency radiation (1, 29) . Radical pairs are formed during normal metabolic processes and although have very short lifetime they react with each other or other molecules and generate new radicals. They contain one or more unpaired electrons and their magnetic properties are related to electron spin. Electron spins of two radicals can be in either singlet or triplet state i.e. parallel or opposite from one another. Oscillations between two states depend on magnetic interactions of unpaired electrons with each other, nuclear spins, and external magnetic fi eld (30) . Stable molecules are formed only when two spins are opposite one from the other, while parallel spins fi rst require a spin change. External magnetic fi eld slows down the processes of spin change, causes radical pair separation and increases their lifetime and concentration. The process is even more expressed when radicals are attached to cellular structures such as cell membrane (31) . A biophysical model for the effect of oscillating electric fi elds on cells has been given by Panagopoulos et al. in 2002 . This model is based on forced-vibration of free ions on the surface of a plasma membrane caused by an external oscillating fi eld. It was shown that coherent vibration of electric charge was able to affect electro sensitive channels on the membrane which could lead to the disruption of cell′s electrochemical balance and function. The proposed model theoretically proved that pulsed EM fi elds could be twice as effective biologically as the continuous ones (32) . Furthermore there have been a number of papers connecting exposure of RF/MW radiation with excessive formation of free radicals (67) (68) (69) (70) (71) (72) (73) (74) . Action of free radicals is additionally enhanced in the presence of oxygen which further causes the formation of new radicals. These free radicals are also known as reactive oxygen species (33) .
Reactive oxygen species
Under physiological conditions, ROS are generated everyday as a result of various metabolic processes. They are known to have both benefi cial and deleterious effects. At low concentrations they are often involved in defence against infectious agents, cell signalling, and mitogenic response. On the other hand, overload of ROS concentration and antioxidant defi ciency leads to cellular damage including membranes, lipids, proteins, and even DNA. Several diseases are associated with adverse effects caused by reactive oxygen species such as diabetes, atherosclerosis, chronic infl ammation, malignant and neurodegenerative diseases, and many others (34, 35) .
Balance between these effects is accomplished by redox regulation (34, 36 Even oxygen molecule, having two unpaired electrons found in triplet state, qualifi es as a free radical, or to be precise -biradical. However, because of parallel spins oxygen is able to accept only one electron at a time which consequently slows down its′ reactivity ( Figure 1 ) (38).
Hydroxyl radicals can also be produced in reaction with other metals like copper, chromium or cobalt (44) . However, reaction catalysed by iron is considered to be the major mechanism in the generation of highly reactive hydroxyl radicals (45) . Because of a very short lifetime, these radicals are known to react in close proximity of the site of formation (43) . Superoxide can also generate hydrogen peroxide in a reaction of dismutation. In biological systems, this reaction is additionally accelerated by superoxide dismutase (SOD) (46) . Although not a radical, hydrogen peroxide is considered to be a reactive oxygen metabolite. It can easily pass the cell membrane and directly or indirectly cause damage to macromolecules even at a low concentration. Because of its lipid solubility H 2 O 2 can also generate HO . radical at localised sites containing iron or copper (47) .
Excessive level of free radicals can cause severe damage to biological systems, which could eventually lead to disease development. Because of their high level of polyunsaturated fatty acids (PUFAs), cell membranes are particularly sensitive to oxidative damage. During the three-stage process of lipid peroxidation, aldehydes are formed as a fi nal product (48) . One of the most abundant products of lipid peroxidation is certainly malondialdehyde (MDA), which is also used as a biomarker of oxidative stress. MDA is a known mutagen and carcinogen. It reacts with DNA and forms adducts with deoxyguanosine, deoxyadenosine, and deoxycytidine (49, 50) . Besides lipids, proteins are also highly sensitive to free radical exposure. They are involved in different biological functions and even the slightest change in protein structure or conformation could result with their loss of function. Modifications of amino acids, fragmentation of polypeptide chains or protein-protein cross-linkage are some of the changes that could be induced as a result of protein interactions with free radicals (51) . Considering that different modifi cations are numerous, there are also various methods for detecting and quantifying them. Certainly the most measurable products of protein oxidation are protein carbonyls (52) . They are characterised by carbonyl group generated at the protein side chains. Because of their stability, they can be easily detected (53) . ROS can also react with nucleic acids, especially DNA, and cause different modifi cations, even single or double strand breaks. Guanine is most susceptible to oxidative damage and in reaction with ROS forms highly mutagenic and carcinogenic 8-oxoguanine (43 One of the major sources of ROS in the cell is mitochondrion (35) . Out of total oxygen consumed, 1 % to 2 % is converted to oxygen free radicals, mostly at the level of complex I and complex III of respiratory chain (39, 40) . Besides mitochondrion, there are several other sources of ROS in the cell. Some of them include peroxisomes, enzymes like xanthine oxidase, cytochrome P450, neutrophils, eosinophils, and macrophages (41, 42) . Superoxide radicals are mostly generated in mitochondria as a result of electron leakage from electron transport chain and premature reduction of oxygen. They are known as the primary ROS able to generate "secondary" ROS by further reacting with other molecules. Superoxide radicals extract iron from iron-containing molecules and enable Fe 2+ to participate in the Fenton reaction creating hydroxyl radical (Eq. 2). They also participate in the Haber-Weiss reaction (Eq. 3), which combines the reduction of iron and the Fenton reaction (Eq. 1 and 2) (43 3 -the Haber-Weiss reaction and limited repair mechanism, mitochondrial DNA is particularly sensitive to free radicals (54) .
Cell antioxidant defence system
Given the variety of possible damage that could be caused by free radicals, organisms have developed a whole spectrum of different defence mechanisms. They include preventive and repair mechanisms as well as physical and antioxidant defence. Antioxidant defence includes enzymes like SOD, glutathione peroxidase (GPx), and catalase (CAT), while nonenzymatic antioxidants include glutathione (GSH), vitamin E and C, carotenoids, fl avonoids, and many others (34) . Certainly one of the most signifi cant compounds of antioxidant defence is glutathione. Glutathione is a low molecular weight antioxidant capable of preventing oxidative damage by reacting directly or indirectly with ROS (47). It is found in reduced (GSH) or oxidised (GSSG) form with their ratio often used as a measure of toxicity or antioxidant capacity (55) . GSH can react directly with free radicals. This results in GSH becoming a radical itself that forms GSSG reacting with another GSH radical. Accumulation of GSSG causes disturbance of redox balance, which affects metabolic processes, homeostasis, and cellular integrity (56, 57) . GSH is also known to act as a cofactor for several enzymes, participates in the transport of amino acids and helps the regeneration of vitamin E and ascorbic acid (47, 43) .
As previously mentioned, SOD helps to remove superoxide radicals by producing hydrogen peroxide which is later removed by the activity of GPx and CAT. There are three SOD isoforms that exist in animal tissues; cytosolic CuZnSOD, MnSOD, and extracellular SOD (ECSOD), each dealing with decomposition of O 2 .-in different compartments (58) .
DISCUSSION
It is known that altering magnetic fi eld produces an electric fi eld and vice versa, a varying electric fi eld generates a magnetic field. Because of this interdependence, both fi elds jointly are considered a single entity -the electromagnetic field (59) . Alternating electric fi elds have a wide range of effects on living systems. At extremely low frequencies, electric fields stimulate excitable tissues through membrane depolarisation, stimulate bone growth, and accelerate fracture healing (60) (61) (62) (63) . As the electric field frequency increases, the stimulatory effect disappears, ending in the so-called thermal effect, when tissue heating becomes a dominant event (64) . In-between the desired stimulatory and undesired heating effects, there is this mostly unexplored biological potential of RF/MW radiation at a nonthermal level of exposure.
Since the expanded mobile phone use has caused a serious apprehension worldwide, along with the fact that relationship between low intensity RF/MW radiation and its undesirable bioeffects are very close, we attempted to recognise reasonable indicators which might give an insight into the mechanism of action. It seems that such approach has become more important than ever.
Considering the Fröhlich hypothesis, Pokorný at al. (65) investigated the non-thermal cellular effects of radiation in the microwave range. It was concluded that the observed intracellular changes are a consequence of macromolecular chain resonance caused by external radiation. In electrobiological entity such as a single cell, internal electromagnetic fi eld created by own polar intracellular structures enters into a coherent state with external fi eld, which means that oscillating electric fi eld of low strength could cause significant non-thermal biological changes. As it was mentioned previously, it occurs when the wavelength of radiation is in the range of the properties of biological tissue. In the state of coherence, external fi eld could cause attenuation or amplifi cation of internal frequency fi eld leading to disruption of homeostatic balance. Further, RF/MW radiation seems to induce electric oscillations that disturb cell membrane proteins, activating enzyme cascades that may transfer cell surface signals to the intracellular system (66) .
Several investigations point at a possible connection between RF/MW exposure and ROS generation. Results of conducted researches are often contradictory and inconclusive because many factors have to be considered during the experiment. One of the reasonable pathways of RF/MW intracellular action is based on the generation of reactive oxygen species (ROS). Increased levels of ROS, antioxidants, and cellular damage were found in different types of investigations including cell cultures, laboratory animals, and even in the humans after RF/MW exposure (67) (68) (69) (70) (71) (72) (73) (74) On the other hand, the blood levels of MDA, CAT, vitamins A, D3, and E increased and GSH decreased. A study conducted by Moustafa et al. (49) examined the effect of acute exposure to 900 MHz radiofrequency fi eld on 12 male volunteers. Results showed signifi cant increase in plasma lipid peroxides and reduction in the SOD and GPx activity in erythrocytes supporting the interaction of radiofrequency fi elds with biological systems. However, numerous studies were unable to connect generation of ROS and oxidative damage with RF/MW exposure (77) (78) (79) (80) . In their study, Ferreira et al. (81) exposed rats to 834 MHz radiation to determine the effects on non-enzymatic antioxidant defence, as well as lipid and protein damage. After measuring the level of MDA and protein carbonyls in rat brain tissue, they concluded that there was no signifi cant difference compared to the sham exposed group. Combining the effects of EM radiation and chemicals known to induce free radicals, researchers also tried to investigate the possibility that RF/MW radiation alters the effect of chemical agents. Zmysloný et al. (82) tested the effect of iron ions on rat lymphocytes exposed to continuous wave (CW) EM fi eld. The authors compared two groups of lymphocytes, one treated with FeCl 2 and the other treated with FeCl 2 and exposed to 930 MHz. They noticed that after acute exposure for 5 min and 15 min ROS level was signifi cantly higher in the exposed group. Similar experiments and results were published by Höytö (83) and Luukkonen et al. (84) . It could be concluded that existence of non-thermal effects, including oxidative damage caused by RF/MW radiation, must not be denied. Thereafter, the International Agency for Research on Cancer (IARC) classified RF electromagnetic fields as possibly carcinogenic to human (85) . Given the electromagnetic nature of living beings and a growing number of manmade sources of non-ionising radiation, there is also a constant need for better understanding the exact mechanism of interaction between radiation and cellular systems. What makes it particularly diffi cult is certainly the highly dynamic and complex organisation and function of every organism. A variety of factors contribute to research results, which is the reason why in vitro studies are frequently used in this kind of research. However, despite precisely defi ned and controlled studies, some results are still open to doubt. Future research should pay more attention to determining a possible connection between RF/MW radiation and generation of free radicals in vitro. Special consideration should be given not only to the concentration but also to the type of ROS, their origin and the changes in the antioxidant defence system, as well as to macromolecular changes.
